. Decreasing temperature shifts hippocampal function from memory formation to modulation of hibernation bout duration in Syrian hamsters. Am J Physiol Regul Integr Comp Physiol 301: R438 -R447, 2011. First published May 11, 2011 doi:10.1152/ajpregu.00016.2011.-Previous studies in hibernating species have characterized two forms of neural plasticity in the hippocampus, long-term potentiation (LTP) and its reversal, depotentiation, but not de novo long-term depression (LTD), which is also associated with memory formation. Studies have also shown that histamine injected into the hippocampus prolonged hibernation bout duration. However, spillover into the ventricles may have affected brain stem regions, not the hippocampus. Here, we tested the hypothesis that decreased brain temperature shifts the major function of the hippocampus in the Syrian hamster (Mesocricetus auratus) from one of memory formation (via LTP, depotentiation, and de novo LTD) to increasing hibernation bout duration. We found reduced evoked responses in hippocampal CA1 pyramidal neurons following lowfrequency stimulation in young (Ͻ30 days old) and adult (Ͼ60 days old) hamsters, indicating that de novo LTD was generated in hippocampal slices from both pups and adults at temperatures Ͼ20°C. However, at temperatures below 20°C, synchronization of neural assemblies (a requirement for LTD generation) was markedly degraded, implying that de novo LTD cannot be generated in hibernating hamsters. Nonetheless, even at temperatures below 16°C, pyramidal neurons could still generate action potentials that may traverse a neural pathway, suppressing the ascending arousal system (ARS). In addition, histamine increased the excitability of these pyramidal cells. Taken together, these findings are consistent with the hypothesis that hippocampal circuits remain operational at low brain temperatures in Syrian hamsters and suppress the ARS to prolong bout duration, even though memory formation is muted at these low temperatures.
AT ALL STAGES OF THE HIBERNATION cycle, thermogenic effectors are appropriately activated by the central nervous system (CNS) to regulate core and brain temperature (13, 16) . This preservation of homeostatic temperature regulation has far reaching consequences at both cellular and systemic levels. The low temperature of an animal in hibernation results in reduced neural firing rates throughout the CNS (19, 20, 28, 37) , which, together with reduction in metabolic rates of all cells, contributes to energy conservation, allowing the animal to survive in winter when food is scarce (9) . Despite lower neuronal firing rates as brain temperature decreases, thermoeffector pathways in the CNS (30, 33) continue to control brown fat thermogenesis, shivering, and vasomotor tone, and thus regulate body temperature at all stages of hibernation, including deep hibernation (13, 16) . In the present study, we investigated the possibility that regulated brain temperature shifts the major function of the hippocampus from one of memory formation in euthermic hamsters (11, 27) to one of extending hibernation bout duration (35) . Such a functional shift could provide additional energy savings.
In nonhibernating species, hippocampal neuroplasticity associated with memory formation has been well studied (27) , and work on cellular pathways has identified a class of plasticity mechanisms activated by Ca 2ϩ influx through NMDA channels. This class includes long-term potentiation (LTP), depotentiation, and de novo long-term depression (LTD) (11, 24, 27) . LTP is characterized by a strengthening in the synaptic efficacy following tetanus [as measured by an increased field excitatory postsynaptic potential (fEPSP) slope]; depotentiation (one form of LTD) is a reversal of this potentiation following low-frequency stimulation; and de novo LTD is a weakening of synaptic efficacy (as evidenced by a decreased fEPSP slope) following low-frequency stimulation (LFS). LTP and depotentiation can be elicited in Syrian hamsters (Mesocricetus auratus, a hibernating species) at temperatures above, but not below, 14°C (8, 21, 22) . Whether adaptive changes have altered cellular pathways generating de novo LTD in hibernating species has not been studied. In nonhibernators, de novo LTD depends on age (12) , and it may be that in hibernating species this age dependence is such that adult animals old enough to hibernate can no longer generate this form of plasticity. Alternatively, de novo LTD may show temperature dependence similar to that of LTP; i.e., it may be generated at euthermic temperatures, but not at the lower brain temperatures of an animal in hibernation. The hypothesis that de novo LTD is readily generated in young euthermic hamsters but not in hibernating hamsters either due to their age or to low temperature was addressed in the present study.
A second hypothesis evaluated in the present study is related to the question of whether hippocampal pyramidal cells send signals over pathways that suppress the ARS (4, 16) . Supporting this hypothesis are data showing that histamine infusion into the hippocampus can extend a bout of hibernation by ϳ50%. Although these data are consistent with histamine activation of hippocampal pathways that inhibit the ARS (35) , they are also consistent with histamine spilling over into the lateral ventricles and moving downstream to act primarily on brain stem regions adjacent to the third ventricle. Thus, we tested the hypothesis that hippocampal pyramidal neurons can still generate action po-tentials at low temperatures and that histamine increases the excitability of this population of neurons.
MATERIALS AND METHODS
All experimental protocols used in this study were approved by the University of California Davis Institutional Animal Care and Use Committee in compliance with the Animal Welfare Act and in accordance with Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Animals and housing. Syrian hamsters from our colony were bred from animals selected over generations to more readily hibernate (the breeders being a generous gift from Dr. J. R. Willis at the University of Illinois). All hamsters were provided ad libitum access to food (Lab Diet 5001 Rodent Diet) and water. They were housed at room temperature, 22 Ϯ 2°C, on a 14:10 light-dark (LD) cycle. Two subgroups of these animals, male pups (Ͻ30 days old) and male adults (Ͼ60 days old), served as sources of hippocampal slices from nonhibernating animals. A third group of hamsters consisted of adult hamsters that were acclimated to a short photoperiod (10:14 LD) for four to six wk at 22 Ϯ 2°C and then transferred to a 6 Ϯ 1°C cold room also on a (10:14 LD) photoperiod for 1 to 4 wk, during which time, most entered hibernation. We selected only animals from the cold room that had remained in a ball position for more than 24 h (a piece of folded tape placed on the top of the back remained unmoved) and continued to remain tucked in a ball position when taken out of their cage and placed on a table. Immediately following decapitation, rectal temperature was recorded, and, if less than 10°C, slices from these animals were classified as being from hibernating animals. We did not use slices from any animal in a transitional state (entering hibernation or arousing from hibernation), i.e., with a rectal temperature between 10°C and 34°C.
Slice preparation. Following standard protocols (8) , hippocampal slices (400 m) from one of the three groups of hamsters were incubated in a high sucrose artificial cerebral spinal fluid (aCSF) at 30 Ϯ 1°C for 30 min, followed by incubation in normal aCSF at 30 Ϯ 1°C for an additional 30 min, and, thereafter, incubated at room temperature (23°C) in normal aCSF. Normal aCSF for the adult slices contained the following (mM final concentration): 124 NaCl, 2.5 KCl, 1.5 MgCl2, 2.5 CaCl2, 26 NaCO3, 1.5 NaPO4, and 10 dextrose. The normal aCSF used for slices from the pups differed only in that final concentrations of CaCl2 and MgCl2 were each 2.0 mM. High-sucrose aCSF was the same as the age-specific normal aCSF, except that it included 124 mM sucrose to compensate for the reduction of NaCl to 62 mM.
Recording CA1 pyramidal cell-evoked responses. A pair of stimulating tungsten electrodes was placed on the Schaffer collateral/ commissural fibers, and evoked responses were measured by a glass recording electrode filled with 3 M NaCl positioned in the CA1 pyramidal cell layer. Once electrodes were positioned in a slice, stimulus intensity was adjusted to evoke a response 50% of the maximal response, and this intensity was then used throughout the slice experiment (the range of stimulus intensities for all slices varied between 5 and 20 V). Two types of evoked responses were recorded, depending on the placement of the recording electrode: 1) an fEPSP measured with the recording electrode in the stratum radiatum to detect dendritic responses of CA1 pyramidal cells (Fig. 1A) , and 2) a composite response of an fEPSP and a population spike (PS), the sum of pyramidal cell action potentials, measured with the recording electrode in the stratum pyramidal (Fig. 1B) . The slope of an fEPSP was measured on the initial rising portion of the evoked response (e.g., sites a and b in Fig. 1A ). PS amplitude was measured using the equation PSamplitude ϭ [(C Ϫ E) ϩ (D Ϫ E)]/2, where C and D denote maximum values of each peak bracketing the spike, a downward voltage that reaches a minimum value denoted E in Fig. 1B . PS duration was the width of the population spike at ½ PS amplitude. The protocol to study plasticity in pups was first to establish a stable 15-min baseline (PS and/or fEPSPs, Ͻ15% variation), followed by 15 min of LFS, where single shocks were delivered at a rate of 1 Hz. Thirty minutes later, PS amplitudes or fEPSP slope magnitudes were compared with those just prior to LFS to determine the percentage change in response. To verify slice viability at the end of the experiment, we applied a tetanus (HFS, 5 trains of 100-Hz shocks with an interburst interval of 15 s). Only if 30 min after this tetanus, PS amplitudes and fEPSP slope magnitudes were larger than baseline responses (a tetanus-induced enhancement characteristic of LTP) did we include the data from the slice in our analysis. In adult hamsters, the protocol described above for pups was modified such that during the 15 min of LFS, a paired-pulse stimulus (2 pulses, 200 ms apart) was applied at a rate of 1 Hz.
The earliest portion of the fEPSP measured using the above protocols most directly indicates the response at the CA3-CA1 synapse because later portions of the response can include small additional effects due to delayed signals arriving at CA1 pyramidal cells via multisynaptic feedforward and feedback pathways. Thus, adopting standard procedures used in studies on nonhibernating rodents to most directly characterize de novo LTD at the CA3-CA1 synapse (2), we compared the slopes of the earliest portion of the responses (slopes at sites a and b in Fig. 1A ) to determine whether de novo LTD were generated. [Although PS amplitude decreases when de novo LTD is generated, changes other than those occurring at the CA3-CA1 synapses may also lead to decreased PS amplitudes (10) . As a result, reductions in PS amplitudes are consistent with, but not conclusive evidence for, de novo LTD generation.]
Recording CA3 pyramidal cell evoked responses before and after histamine perfusion. Recording techniques for CA3 pyramidal cells were the same as for CA1 pyramidal cells in slices from adult animals, except that the mossy fibers were stimulated every 6 s to excite CA3 pyramidal cells. Ten evoked responses were averaged to obtain an averaged evoked response (AER). In each slice, baseline AERs were recorded for 20 min. If these baseline recordings were stable (Ͻ10% variation), aCSF with histamine (obtained from Sigma) was perfused for 15 min. Evoked responses were then recorded for a 30-min washout (recovery) period.
Measurement of single action potentials. Transverse 250-m hippocampal slices were incubated in normal aCSF. Following incubation, single slices were placed in a recording chamber and whole-cell patch-clamp recordings were obtained from CA1 pyramidal cells in current clamp mode. The intracellular recording solution contained (mM final concentration): 140 K gluconate, 5 NaCl, 1 MgCl 2, 0.3 EGTA, 10 HEPES, 3 MgATP, and 0.2 NaGTP. Voltage responses were filtered at 2 kHz and sampled at 10 kHz. In five experiments, aCSF with cobalt (Co 2ϩ ) and a reduced concentration of Ca 2ϩ (1.9 mM Co 2ϩ and 0.1 mM Ca 2ϩ ) were used to block calcium channels (and thus to determine whether the widening at the base of the action potential at 15.9°C was a calcium spike).
Statistical analysis. Data were analyzed using two-factor ANOVA (state and temperature) followed by a Fisher least significant difference test if the analysis of variance indicated that significant mean differences existed. Results are reported as means Ϯ SE. [When only two groups were compared, a paired student t-test was used.] P Ͻ 0.05 was considered statistically significant.
RESULTS
De novo LTD generation in slices from both pups and adult hamsters. To determine whether de novo LTD could be established in slices from hamster pups (Ͻ30 days old), evoked fEPSPs were compared before and 30 min after a 15-min period of LFS with the recording electrode in the stratum radiatum. As illustrated in Fig. 1A , the slope of the post-LFS fEPSP (the trace with open circles, arrow b) was less than that of the baseline fEPSP (solid diamonds, arrow a), a reduction that persisted throughout the remainder of the experiment. This hallmark of de novo LTD generation was not seen in control experiments where LFS was not applied. For a population of nine slices from four pups, the average reduction (29.4 Ϯ 6.4%) in fEPSP slope 30 min after LFS was significant (P Ͻ 0.01) and demonstrates that LTD can be established in Syrian hamster pups. [Our final step in the protocol (see MATERIALS AND METHODS) confirmed slice viability; i.e., tetanus evoked a long lasting enhancement in the evoked response, with the increase in slope averaging 28.4 Ϯ 11.7% for the nine slices (P Ͻ 0.05).]
An alternative method for observing events localized to the CA1-CA3 synapse involves placement of the recording electrode in the stratum pyramidal rather than the stratum radiatum. Measurement of the slope of the fEPSP on the early rising portion of the evoked response showed that it decreased following LFS (sites a and b in Fig. 1B) , again indicating the generation of de novo LTD. Furthermore, with the recording electrode in the stratum pyramidal, a dominant population spike (labeled C-E-D in Fig. 1B ) was recorded following the early rising portion of the response. While the initial portion of the response is a measure of events at the CA3-CA1 synapse, reflecting the input at the CA1 cell population, the later PS shows the output of a population of CA1 pyramidal cells. Thus, on one waveform, the input to and output from a population of pyramidal cells can be seen. PS amplitudes in hamster pups showed a reduction of 28.3 Ϯ 9.4% for the nine slices from seven pups 30 min after LFS (P Ͻ 0.05), an observation consistent with de novo LTD generation. A plot of PS amplitude vs. time (Fig. 1C) illustrates that PS amplitude at the end of the control period (site 1) was rapidly depressed by LFS and only partially recovered 30 min after LFS (site 2).
The experimental protocol that showed de novo LTD can be generated in pups was ineffective in adult hamsters (5 animals, 9 slices P Ͼ 0.5, data not shown). However, by using a paired-pulse LFS together with an altered aCSF (increasing Ca 2ϩ from 2.0 to 2.5 mM and lowering Mg 2ϩ from 2.0 to 1.5 mM), depression in the evoked response was observed in slices from adult hamsters (Fig. 2) . Specifically, 30 min following 15 min paired-pulse LFS, recordings from the stratum radiatum exhibited a significant decrease in fEPSP slope compared with control values (Ϫ17.5 Ϯ 2.1 vs. Ϫ20.3 Ϯ 2.5 respectively; n ϭ 13 slices from seven adult animals; P Ͻ 0.05). Thus, hippocampal slices from both pups and adults can generate de novo LTD, although it is smaller in the latter.
Decreasing temperature and degradation of synchronous signaling of pyramidal cells. At lower incubation temperatures, evoked responses had smaller amplitudes making changes in fEPSP slopes and PS amplitudes following LFS difficult to detect and quantify in slices from adult hamsters old enough to hibernate. As a result, measures to assess de novo LTD generation described in the preceding section no longer proved useful. However, generation of LTD in behaving animals requires not only viable mechanisms within a single neuron but also that neural assemblies are capable of supporting synchronized activity (1) . Changes in PS duration, which are easily measured, can be used to determine whether neuronal assemblies have this property (see DISCUSSION) . The upper trace in Fig. 3A shows that at 25°C, single shock excitation evoked a compact PS whose short duration (the width of the PS mea-sured at half-amplitude) reflects synchronous firing of the pyramidal cells contributing to the PS. In this slice, from a hamster in hibernation, the PS duration increased as temperature was lowered to 12.5°C, indicative of greater signal dispersion and decreased synchronization in the firing of pyramidal cells whose potentials sum to form the PS. Lowering the temperature also resulted in decreased PS amplitude and increased PS latency (the time between the shock artifact and the negative peak of the PS). Thus, all three PS parameters exhibited temperature dependence, such that at low temperatures, a smaller, delayed, and broadened PS was evoked by single shock stimulation of Schaffer collateral/commissural fibers in slices from both hibernating and euthermic adult hamsters (an example from each is illustrated in Fig. 3 ). That slices from both hibernating and nonhibernating hamsters exhibited increased population spike duration as temperature decreased (in fact, markedly for temperatures at and below 20°C), indicates increasing degradation of synchronous firing in both groups. Figure 4 summarizes the effects of slice temperature on PS variables (latency, duration, and amplitude) in slices from 18 euthermic and 8 hibernating adult hamsters. As temperature was lowered from 29°C to 12°C, latency from stimulus to PS increased (from 4.8 Ϯ 0.3 to 17.5 Ϯ 1.6 ms; P Ͻ 0.001), as did PS half-maximal duration (from 1.4 Ϯ 0.1 to 5.7 Ϯ 0.6 ms, P Ͻ 0.001) in slices from euthermic adult hamsters. Similarly, in slices from hibernating hamsters, latency from stimulus to PS increased (from 4.3 ϩ 0.3 to 21.7 Ϯ 2.1 ms, P Ͻ 0.001) as did PS half-maximal duration (from 1.3 Ϯ 0.1 to 6.9 Ϯ 0.7 ms, P Ͻ 0.001). At 12, 13, and 15°C, PS duration was actually greater in slices from the hibernators (P Ͻ 0.05), indicating that network adaptations for the hibernating state did not shorten PS duration and that networks from hibernators, as well as euthermic hamsters less effectively supported synchronized activity at low temperature (fEPSP slopes measured with the recording electrode in the stratum radiatum also decreased as temperature was lowered.)
Whole-cell recordings of the evoked response of a single CA1 hippocampal pyramidal cell are shown in Fig. 5 . Action potentials in a CA1 pyramidal cell were generated by passing current through the electrode to depolarize the cell (Fig. 5A) . Traces for three action potentials at three bath temperatures are shown on an expanded time scale in Fig. 5B . Even at temperatures as low as 15.9°C, action potentials could be easily evoked by a current step to depolarize the cell (Fig. 5A) . However, the waveform of the response was temperature dependent. At the highest temperature, 27.4°C, the action potential was followed by a fast after-hyperpolarization. At the lowest temperature, 15.9°C, the base of the action potential broadened markedly (labeled b in Fig. 5B ), indicating the presence of a lower-amplitude component overlapping in time with a higher amplitude Na ϩ spike. This lower-amplitude component (seen below the notch on the falling phase of the action potential) shrank more than 50% in 5 out of 5 neurons upon the addition of cobalt to the bathing solution, consistent with blockage of a Ca 2ϩ spike on the cell soma and dendrites. At 27.4 and 21.9°C, this Ca 2ϩ spike fused with the Na ϩ spike, indicating that the action potential recorded on the soma at higher temperatures was composed of two merged components. The larger component, a Na ϩ spike, reflects action potentials traveling on the pyramidal cell axon, with the summed voltages of a population of these spikes comprising the PS. The width of a Na ϩ spike was determined by measuring its width above the notch (i.e., above the Ca 2ϩ spike), specifically at 1/2 max amplitude (Fig. 5B) . Notably, the increase in duration of the Na ϩ spike as temperature fell was insufficient to account for the even greater increase in duration of a PS for a corresponding fall in temperature (Fig. 4B) .
Histamine directly excites CA3 pyramidal cells in slices from hibernating hamsters. Figure 6 shows that histamine can directly excite pyramidal cells in a hippocampal slice. After histamine addition to the perfusion media, hippocampal cells were more excitable, and the response was oscillatory. Similar responses were seen in 5 of 6 slices from hibernating hamsters. The initial portion of the waveform in both the presence and absence of histamine was virtually the same, showing a dominant population spike (labeled a in Fig. 6 ), representing the summed response of a population of CA3 pyramidal cells due to single-shock excitation of dentate granule cell mossy fibers. The repeated firing of CA3 pyramidal cells in the presence of histamine (spikes labeled b, c, and d in Fig. 6 ), likely reflects the heightened excitability of local recurrent feedback circuits involving pyramidal cells and adjacent interneurons.
Although repeated firing was commonly seen in slices from hibernating hamsters, the effect of histamine on slices from nonhibernating hamsters was not only generally smaller but also more variable. While responses to histamine were diverse, and included at times repetitive firing, they pointed toward an increase in pyramidal cell excitability.
DISCUSSION
Previous studies demonstrated that two forms of plasticity, LTP and depotentiation, cannot be generated in hamster slices at low brain temperatures (29, 42) . In this study, we show that de novo LTD, a third form of plasticity mediated by NMDA channels, could be generated in both pups and adults at temperatures above 20°C (Figs. 1 and 2) . However, at lower temperatures, synchronization of neural assemblies required for the establishment of LTD (1) was lost (Figs. 3 and 4) . These data imply that as hamsters enter hibernation, NMDA-mediated plasticity mechanisms are muted. Moreover, our finding that pyramidal cells from nonhibernating and hibernating hamsters could still generate action potentials at low temperatures (Fig. 5) and that histamine directly increased pyramidal cell excitability (Fig. 6) , coupled with work showing that histamine injected into the hippocampus of hibernating ground squirrels prolonged bouts of hibernation (35) support the view that the hippocampus plays a role in this prolongation via suppression of the ARS. Taken together, these studies support the assertion that the hamster hippocampus shifts major functional roles from memory formation in the nonhibernating, euthermic state (T brain ϳ37°C) to suppression of the ARS in the hibernating state (T brain ϳ8°C).
NMDA plasticity mechanisms, including de novo LTD, can be elicited in euthermic (nonhibernating) hamsters. Early studies on the postnatal development of de novo LTD in hippocampal slices prepared from rats demonstrated that it was far more pronounced in slices from pups than in those from older rats (12) . This age dependence is marked, with the CA1 pyramidal cell response amplitude decreasing by 45% following 15 min of LFS in rats less than 2 wk old compared with a 20% reduction in animals at 5 wk postnatal (12) . This observation led us to ask whether euthermic hamster pups and adults could generate de novo LTD, and our data clearly show that they can ( Figs. 1 and 2) . Moreover, our finding of synaptic depression following LFS alone (without prior tetanus) appears to be the first report of this form of neuroplasticity (i.e., de novo LTD) in a hibernating species, and it supports the more general proposal that three major forms of NMDA-associated plasticity involved in memory formation [LTP, depotentiation, and de novo LTD (39, 50) ] are also present in hamsters at brain temperatures Ͼ20°C. The finding that in the same slice that generated de novo LTD following LFS, tetanus subsequently generated LTP (Figs. 1B and 2 ) also parallels results in the rat where the same population of CA1 pyramidal cells that generates LTD is also capable of generating LTP. Thus, similar to the rat, euthermic hamsters appear to have fundamental synaptic plasticity mechanisms mediated by NMDA receptors on hippocampal pyramidal neurons. However, further studies are needed to determine whether all hippocampal properties of LTD reported in nonhibernating rodents, such as the presence of mGlu-mediated LTD and heterosynaptic properties of LTD (11) , are also present in the euthermic hamster and, as additional presynaptic and postsynaptic forms of neuroplasticity are identified in rats, whether they are also present in the Syrian hamster hippocampus.
Although the NMDA plasticity mechanisms considered in this study can be activated when slice temperature is above 20°C, behavioral studies on hibernating species show that the hibernation state exerts additional effects on neural mechanisms related to memory formation. Studies on awake, behaving animals have demonstrated that memories acquired before and shortly after torpor have features that are altered by hibernation (29, 42) . These alterations (29) may be related to morphological changes seen in neurons of hibernating animals (25) and changes in dendritic arbor complexity, spine density, and synaptic protein dynamics (39, 40) . Thus, while individual neurons are able to immediately activate plasticity mechanisms when rewarmed, additional factors, such as local neural circuit connectivity, may further modify features of memory formation.
Major NMDA-mediated postsynaptic plasticity mechanisms are arrested at temperatures encountered in hibernation. LTP (and hence depotentiation, the reversal of LTP by LFS) cannot be generated at temperatures below ϳ15°C in hippocampal slices from hamsters (8, 21, 22, 36) , implying that these forms of plasticity are arrested during hibernation. Because increasing calcium concentration in the aCSF bathing the slice lowered the temperature threshold at which LTP could be generated (21), we proposed that the arrest of LTP generation below ϳ15°C in normal aCSF resulted from insufficient calcium influx through NMDA channels (21) . Generation of de novo LTD also requires calcium influx through NMDA channels, albeit not as much. Opening of NMDA channels requires cell depolarization (32) , and hibernation drastically reduces firing rates of neurons in all parts of the CNS, including the hippocampus (19, 20) , suggesting that limited depolarization may be a major factor precluding generation of de novo LTD, as well as LTP at the low body temperatures of hibernating hamsters (ϳ8°C).
In this study, de novo LTD in Syrian hamsters was essentially arrested at temperatures that would be encountered when the animal enters deep hibernation. Cellular mechanisms contributing to the establishment of LTD require synchronization of action potentials to provide precise temporal patterns of activity in neural assemblies (1) . Specifically, inputs exciting a single cell during the trough of the EEG theta phase induce LTD, and generation of theta rhythms requires that neural assemblies of hippocampal pyramidal cells fire synchronously when driven by septal inputs. This population property can be monitored by measuring the duration of a PS evoked by single-shock stimulation. That is, because a PS is a voltage recorded from a group of pyramidal cell action potentials, as individual neurons fail to closely follow the stimulus, the dispersion in times of action potential generation will be reflected as an increased PS width. Figs. 3 and 4 show that such an increase occurred as the temperature was lowered, indicating directly a loss in synchronization of hippocampal pyramidal neurons excited by a highly synchronized volley over afferent fibers (single-shock excitation). Thus, neither a population of pyramidal cells (Figs. 3 and 4) nor the hippocampus as a whole [flattening of EEG (41)] can support synchronous activity at temperatures Ͻ15°C. Moreover, the drastic reduction of neural firing in hibernation (19, 20) would exacerbate the difficulty in generating de novo LTD, and the morphological retraction of synaptic processes (39, 40) would further limit opening of NMDA receptor channels (32) .
The increased width of a single action potential (Fig. 5 ) cannot wholly account for the increased duration of the PS (Fig. 3) occurring at lower temperatures. Using microwires to estimate the width of brain stem action potentials in ground squirrels (S. lateralis), Krilowicz et al. (23) found that action potential duration increased as body temperature decreased from 34 -36°C to 10 -27°C, but this increase was less than the markedly greater PS duration observed in our study. Because multiple channel types are present on the soma of hippocampal CA1 pyramidal cells (26) , action potentials recorded in the whole-cell patch-clamp experiments (Fig. 5) reflect superimposed Na ϩ and Ca 2ϩ inward currents. The action potential Fig. 4 . Comparison of temperature dependence of PS parameters in hippocampal slices from euthermic (nonhibernating) and hibernating hamsters. As temperature was increased, PS latency decreased (A), PS duration decreased (B), and PS amplitude increased (C). PS amplitude was normalized so that the response at 25°C was 100%. Significant differences between hibernating and euthermic responses are indicated by an asterisk (*P Ͻ 0.05). Note that below 14°C, the half-maximal PS duration in slices from hibernating hamsters was greater than that in slices from euthermic hamsters.
propagated over pyramidal cell axons is a Na ϩ spike (much like the classic Hodgkin-Huxley action potential over the squid axon), and it is the sum of these Na ϩ spikes that form the population spike. At all temperatures, individual Na ϩ spikes had far shorter widths (Fig. 5 ) than corresponding PS durations (Fig. 3) , showing that an additional factor, temporal dispersion of signals over individual fibers (a "jitter"), is responsible for the marked increase in the PS duration. [A novel finding in the hamster is that at low temperatures, the slower kinetics of the Ca 2ϩ spike on the soma led to a notch in the falling phase of the waveform and a broadening of the base of the waveform (Fig. 5B) .]
Taken together, loss of synchronization, greatly depressed firing rates, and morphological changes, including marked retraction of synaptic structures during torpor, all appear to contribute to the reduced generation of well-studied NMDA postsynaptic plasticity mechanisms, namely LTP, depotentiation, and de novo LTD. This suppression implies a loss in the ability to form new memories, as well as a contribution to energy conservation during hibernation.
Retention of CA1 pyramidal cell action potential generation at low temperatures is consistent with hippocampal suppression of the ARS. Synchronous firing of hippocampal pyramidal cells is displayed as fluctuations in hippocampal EEG activity, such as theta rhythms, and in the euthermic animal, this underlying synchrony is clearly evident and allows scoring of sleep stages. EEG recordings of euthermic ground squirrels are typical of those of other rodents and indicate that squirrels enter hibernation through sleep (41) . As temperature falls, hippocampal EEG amplitude is drastically reduced, albeit not completely abolished (5, 25) . In addition, as EEG recordings flatten, low levels of asynchronous or tonic hippocampal activity, which are not picked up by EEG recordings, may remain. Even at low brain temperatures, the CNS continues to function reliably not only in homeostatic regulatory circuits, but also in circuits supporting natural arousal terminating a bout of hibernation, as well as circuits to prematurely arouse the animal via sensory "alarm" signals, such as sudden reductions in ambient temperature or loud sounds (16, 17) .
Studies on nonhibernating species have identified the ARS as a general arousal system associated with a wide variety of behavioral states, including sleep, waking, and coma (14) , and even early studies showed that the ARS is closely linked to the hippocampus (15) . Extending these observations to hibernating species, a few reviews (3, 16) include models depicting enhanced hippocampal activity inhibiting the ARS and include the hippocampus as one of many brain regions that continue to operate at reduced levels during hibernation. Further support for these hibernation models linking the hippocampus to the ARS comes from the work of Sallmen et al. (35) . They found that histamine infusion into the hippocampus extended a bout of hibernation by ϳ50%, suggesting that at low brain temperatures, histamine excited hippocampal pyramidal cells, which, in turn, inhibited the ARS and prolonged bout duration. Our recordings of population spikes (Figs. 3 and 4) and single cell action potentials (Fig. 5 ) support Sallmen's proposals (35) , as they show that pyramidal cells can generate signals over a large range of temperatures, confirming observations noted in previous studies on pyramidal cell populations in Syrian hamsters (8, 21, 22) . In our slice preparation, afferent fibers from other regions of the CNS are severed, allowing us to conclude that histamine directly excites CA3 pyramidal cells, a finding consistent with Sallmen et al.'s proposal. Moreover, Vinogradova (38) has reviewed studies showing that output signals of CA3 pyramidal neurons over the precommissural fornix to brain-stem structures have a strong regulatory influence on the level of arousal. This CA3 pyramidal cell pathway is a more direct route to the ARS than the one from CA1 pyramidal cells In the waveform at 27.4°C, the waveform displays a fast after-hyperpolarization. At 15.9°C, the broadening at the base of the falling limb of the evoked response (labeled b) indicates the presence of a Ca 2ϩ spike overlapping a larger amplitude Na ϩ spike. To determine the width of the Na ϩ spike (arrow w), the width of the action potential was measured at 1/2 Max amplitude (i.e., at half of the peak value of the potential labeled Max). (34) . Taken together, our data support the hypothesis that the remodeled hippocampal neuron in the hibernating Syrian hamster, stripped of many of its plasticity mechanisms, remains capable of generating a signal to inhibit the ARS and prolong hibernation. The progressive shift in major hippocampal functions from one of memory formation in the euthermic hamster to prolongation of bout duration is represented in Fig. 7 as a temperature-controlled switch between euthermic and hibernation states (between switch settings C and D).
Further support for the proposal that enhanced hippocampal pyramidal cell firing "inhibits" the ARS [and hence that reduced firing "disinhibits" the ARS (7, 12) ] during a hibernation bout is provided by the data of Belousov et al. (5) , implying that during later stages of arousal, reduced hippocampal pyramidal cell firing ensures complete arousal, preventing the animal from inappropriately reentering hibernation. Specifically, Belousov et al. (5) found that although septal activity in hibernators "vanishes" below 15°C, at temperatures encountered during arousal (31-32°C), septal neurons displayed a stable increase of activity and excitability approximately twice that seen in rats. This increased activity in septal neurons inhibits hippocampal activity during arousal, resulting in withdrawal of the hippocampal inhibition of the ARS (Fig. 7 , switch set at E) and full arousal. Although septal connections to the hippocampus are severed in the slice preparation, morphological slice studies show pyramidal cells rapidly reestablish structure lost in hibernation (25) , and Figs. 3 and 4 further show that hippocampal pyramidal cells are responsive to afferent signals over a wide range of temperatures. In summary, in deep hibernation and during arousal, the hippocampus appears to modulate bout duration (extending the bout or facilitating full arousal from a bout), and on full arousal to the euthermic state, hippocampal plasticity mechanisms are reestablished.
Perspectives and Significance
A novel feature of thermal control of Syrian hamster hippocampal function during all stages of hibernation is the explicit inclusion of a systemic pathway from CNS thermoeffector pathways back to the hippocampus (Fig. 7) that contains nonneural components. While neural signals over afferent fibers from a variety of brain regions likely provide additional avenues for further modulation of hippocampal activity in the Fig. 7 . Proposed pathways for central nervous system (CNS) thermoeffector control of hippocampal function via a systemic pathway. As depicted, in the euthermic (nonhibernating) state, the major function of the hippocampus is memory formation ("temperature switch" set to pole C). But during hibernation (i.e., brain temperature near 8°C), the principal function of the hamster hippocampus is suppression of the ascending arousal system (ARS) to extend bout duration ("temperature switch" set to pole D). Finally, during arousal as the brain warms to ϳ31°C, the hippocampus takes on another function as increased septal inputs inhibit hippocampal pyramidal cells, thereby disinhibiting the ARS and allowing full arousal ("temperature switch" set to E). This temperature-dependent shift in hippocampal function is depicted as a switch at 37°C (C), 8°C (D), and 31°C (E). In all three states, hippocampal temperature is dictated by CNS thermoeffector pathways that control both core and brain temperature via the systemic pathway, the final branch of which (i.e., that going back to the hippocampus) does not include neurons. The CNS regulation of temperature is outlined as consisting of three parallel thermoregulatory pathways [see Romanovsky (33), Fig. 3 ]. Thus, control of nonshivering thermogenesis is depicted by the sequence of brain regions labeled 1-5 (30) . [Although decerebration would delete regions 1, 6, and 10, some degree of thermoregulation would still be possible, consistent with the work of Grill and colleagues (31) .] Moreover, regions on one level of the neuroaxis (e.g., 2, 7, 11 in the midbrain, pons) have distinctively different nuclei (33) . In the cold, the heat from brown fat thermogenesis (Qbf) and from skeletal muscle shivering (Qsm) returns primarily to the core and CNS. Additionally, constriction of skin blood vessels results in heat that would otherwise be lost to the environment (Qsbv), also being shunted to the core and CNS. Not shown are sensory afferents distributed to all regions on the neuroaxis.
Syrian hamster (7, 38) , a distinctive feature of the systemic pathway is that hippocampal function is dependent on brain temperature. The model proposed in Fig. 7 outlines the functional architecture of the mammalian CNS thermoregulatory system as having distinct pathways sending signals to regulate brown adipose tissue thermogenesis, skeletal muscle shivering, and vasomotor tone (30, 33) . Each of these thermoeffector pathways receives and processes afferent signals from central (6) and peripheral thermosensors (33) . The fact that decerebrate rats, lacking hypothalamic to caudal brain stem communication, retain some ability to regulate body temperature (31) confirms that both midbrain and hindbrain portions of a pathway receive and process afferent information from thermosensory neurons and that control is distributed all along the pathway, rather than being localized to the hypothalamus or to any other single structure or brain level.
In addition, studies on animals arousing from deep hibernation (17) are consistent with a model involving CNS temperature regulation architecture composed of multiple thermoeffector pathways, each processing its own thermosensory input in a distinctive fashion. That is, in the early stages of arousal, brown adipose tissue nonshivering thermogenesis is activated via a chain of subcortical networks (30) , an activation that in combination with increased blood flow to the thorax and brain (under the control of a separate central thermoeffector pathway) results in selective rewarming of thoracic organs and the brain of the animal (18) . Once rewarming of these areas reaches a specific level (ϳ30°C), blood flow increases to other tissues, as indicated by a step increase in colonic temperature (18) , and the pathway for shivering is activated to assist in final rewarming of the animal. Although some heat produced by skeletal muscle in limbs is lost to the environment, this loss is minimized by CNS signals over the vasomotor tone pathway, maintaining cutaneous vessel constriction. Thus, over a hibernation bout, parallel CNS pathways collectively determine overall core and brain temperature and thus hippocampus functionality.
